Notch signaling is important in many cell-fate decisions, including cell differentiation and cell death, and its misregulation has been linked to cancer and developmental disorders. [1] [2] [3] Notch receptor turnover in the absence of ligand is an important mechanism to prevent inappropriate signaling in unstimulated cells, requiring AP-2, AP-3 and HOPSdependent endocytic steps. 4, 5 Ubiquitination has a key role in regulating the endocytosis and subsequent downregulation of Notch. 6 In the developing Drosophila wing, members of the Nedd4 family of HECT domain ubiquitin ligases (E3s), dNedd4 and Suppressor of deltex (Su(dx)), ubiquitinate and promote the endocytosis and turnover of Notch in a ligandindependent manner. Deltex (Dx) is a ring finger E3 known to positively regulate Notch signaling, with dx mutants displaying loss of Notch phenotypes, such as distal wing blade notching. 7 Dx overexpression can activate Notch in a ligand-independent manner, 8 relying upon the endocytic pathway to traffic Notch to the limiting membrane of the lysosome, permitting g-secretase cleavage and non-canonical activation of Notch. 5 The activity of dNedd4 and Su(dx) overcome the ligandindependent activation of Notch by Dx by promoting the trafficking of Notch to the lysosomal lumen rather than the limiting membrane as promoted by Dx alone. 5, 9, 10 The Nedd4 family are members of the HECT class of E3s, characterized by two to four WW domains (protein-protein interaction domains) and an N-terminal Ca 2 þ /lipid binding C2 domain. 11, 12 Although many substrates directly bind the WW domains in Nedd4 E3 by means of PY or similar motifs, others rely on accessory/adapter proteins to promote ubiquitination. 13 Two such proteins, Ndfip1 and Ndfip2, were initially identified as Nedd4 WW domain-binding proteins.
14 Both Ndfip1 and 2 are ubiquitously expressed proteins with three transmembrane domains, and interact with several Nedd4 family members through PY motifs. [15] [16] [17] Ndfip1 and 2 localize to Golgi, late endosomes and other vesicles and function as adapters and activators to facilitate the ubiquitination and regulation of a number of substrates. 15, [17] [18] [19] [20] [21] Here, we report on the Drosophila Nedd4 family interacting protein (dNdfip) homolog, and reveal that it is a novel regulator of Notch signaling.
Results

CG32177
encodes Drosophila Ndfip. Sequence comparison using Ndfip1 and Ndfip2 indicate that CG32177 encodes the only likely Ndfip homolog in Drosophila. 15 Similar to Ndfip1 and Ndfip2, dNdfip contains an N-terminal portion that harbors three proline-rich motifs indicating a potential for binding WW-domain proteins, three transmembrane domains and a short C-terminal tail (Figure 1a) . 15 Throughout Drosophila development dNdfip is expressed at low levels (both RNA and protein) with highest levels observed from pupariation through to adulthood (data not shown). Like its mammalian counterparts, 15, 17 dNdfip showed significant colocalization with Rab7 in late PY1   PY1   TM1  TM3  TM2   TM1  TM3  TM2   Ndfip1/ dNdfip interacts with all three Drosophila Nedd4 family E3 ubiquitin ligases. As mammalian Ndfips interact with multiple E3s, we tested whether dNdfip binds the Drosophila Nedd4 family E3s dNedd4, Su(dx) and dSmurf. Tagged proteins were expressed in SL2 cells and subjected to coimmunoprecipitation. dNdfip coimmunoprecipitated with all three E3s (Figure 2a -c) and this interaction was mediated by the three proline-rich motifs, as mutants of each PY motif showed some loss of dNedd4 binding (compared with wild-type dNdfip, normalized to 1.0), and the triple PY mutant showed the least binding to dNedd4 (last lane, only 0.2 relative to wild type, Figure 2d ). Further, dNdfip partially colocalized with all three E3s in a punctate endosomal-like manner in SL2 cells (Figure 3a-c) . In mammalian cells, Ndfips appear to alter the subcellular location of E3s, with Ndfip2 promoting colocalization in late endosomes of Nedd4, Itch and Smurf2. 17, 19 Also, Ndfip1 promotes the localization of Nedd4, Nedd4-2 and Itch to exosomes that arise from a late endosomal origin. 22 dNdfip expression, however, did not significantly alter the localization of the E3s (Figure 3) . Furthermore, similar to mammalian Ndfips, 15, 17 dNdfip is ubiquitinated by Nedd4 E3s, such as dNedd4 and Su(dx) (Supplementary Figure S1 ). These observations are consistent with a predicted function for dNdfip as an adapter/regulator of E3s.
dNdfip augments the function of dNedd4 and Su(dx) in regulating Notch signaling. During Drosophila wing development, expression of dNedd4 and Su(dx) reduces Notch signaling, producing a notched wing phenotype. 9, 10 In order to investigate whether dNdfip has a role with dNedd4 and Su(dx) in regulating Notch signaling, we examined the overexpression of dNdfip as no specific mutant alleles were available. Overexpression of dNedd4 along the anterior-posterior boundary of the wing using the patched-GAL4 (ptc-GAL4) driver resulted in a disrupted wing with thick veins and loss of the adult wing margin, consistent with its known role in downregulation of Notch signaling (Figure 4b) . 9, 10 Co-expression with dNdfip enhanced the dNedd4 wing phenotype, with severe loss of the wing margin producing smaller wings ( Figure 4e , compared with Figure 4b ). Overexpression of Su(dx) using ptc-GAL4 produced a mild disruption of wing veins, a phenotype consistent with Notch downregulation (Figure 4c ). Co-expression with dNdfip enhanced the Su(dx) wing phenotype, with loss of the adult wing margin (Figure 4f , compared with Figure 4c) .
Because of significant mortality in the progeny expressing both E3 and dNdfip using the ptc-GAL4 driver, we utilized the wing-specific driver MS1096-GAL4 to further investigate the genetic interaction between dNdfip and dNedd4 or Su(dx). The Notch-like wing phenotypes caused by the expression of dNedd4 and Su(dx) are due in part to the defective induction of the Notch target gene, wingless (wg), in the dorso-ventral organizer of the wing imaginal disc. 9, 10 Thus, dNdfip may also be involved in downregulating Notch signaling. To confirm that the disrupted wing phenotypes are due at least in part to disruption of Notch signaling, we examined Wg staining in the developing wing. Because of the secreted nature of Wg and to rule out any direct role on Wg protein turnover, we also examined Cut, an established marker of Notch activity. 23, 24 Similar to Wg, high levels of Notch activity induces Cut expression along the dorso-ventral organizer. 23, 24 Expression of dNedd4 along the anterior-posterior boundary (ptc-GAL4) resulted in a reduction of Wg and Cut at the dorso-ventral region ( Figure 5g and m). Co-expression of dNedd4 and dNdfip resulted in a loss of Wg and Cut altogether in the disc including the dorsal-ventral boundary (Figure 5k and q) . These wing discs were no longer similar to the wild type, but were quite undulated and wrinkled. MS1096-GAL4-driven expression of Su(dx) did not appear to Figure 4 dNdfip enhances wing phenotypes conferred by dNedd4 and Su(dx). The ptc-GAL4 driver control (a, g and m) and driving expression of UAS-dNedd4GS alone (b, h and n), UAS-Su(dx) alone (c, i and o) and UAS-HA-dNdfip alone (d, j and p) and co-overexpression of UAS-dNedd4GS with UAS-HA-dNdfip (e, k and q) and UAS-Su(dx) with UAS-HA-dNdfip (f, l and r). (a-f) Adult wings from the indicated genetic combinations. (g-l) Wing discs from third instar larvae fixed and stained for Wg as a marker of Notch activity. (m-r) Wing discs from third instar larvae fixed and stained for Cut as a marker of Notch activity. Scale bar ¼ 100 mm dNdfip genetically interacts with Notch, deltex and Serrate. Interestingly, although the overexpression of a single copy of dNdfip alone in the Drosophila wing (using MS1096-GAL4 or ptc-GAL4) has minimal effects on the adult wing (Figures 5d and 6a) , high levels of dNdfip expression using two copies of the transgene resulted in severe wing disruption (Figure 6c) , with increased bristles present at the wing margin consistent with Notch activation. Examination of Figure 5 dNdfip enhances wing and wing disc phenotypes conferred by dNedd4 and Su(dx). The wing-specific driver MS1096-GAL4 control (a, g and m) and with UAS-dNedd4GS alone (b, h and n), UAS-Su(dx) alone (c, i and o), UAS-HA-dNdfip alone (d, j and p) and co-overexpression of UAS-dNedd4GS with UAS-HA-dNdfip (e, k and q) and UAS-Su(dx) with UAS-HA-dNdfip (f, l and r). . The increase in Wg levels was verified using the enhancer trap line wg-lacZ, which also showed increased b-galactosidase levels (data not shown). This increase in Notch signaling was surprising given that dNdfip when co-expressed with dNedd4 and Su(dx) was functioning to further reduce Wg.
To further investigate the contribution of dNdfip to Notch signaling, dNdfip was overexpressed or knocked down in a These opposing regulatory roles for dNdfip are reminiscent of Dx phenotypes, which when ectopically expressed leads to non-canonical (ligand-independent) activation of Notch, a phenotype that can be overcome by co-expression of Su(dx) or dNedd4 or by loss of members of the endocytic pathway, such as AP-3 and HOPS complex members. 5, 9, 10 Loss of dx results in a loss of Notch signaling, 7 and using RNAi we confirmed that reducing dx in the developing wing results in minor vein thickening phenotypes near the wing margins (Figure 6k ). Overexpression of dNdfip suppressed the dx knockdown phenotypes, with a reduction of the vein thickening phenotypes ( Figure 6 , compare Figure 6k with Figure 6l ). This suggests that dNdfip can activate Notch in the absence of Dx. Notch signaling is activated by binding of the ligands Serrate (Ser) or Delta, that results in proteolytic processing of Notch, releasing the Notch intracellular domain, which then translocates to the nucleus to regulate gene expression. 25 Similar to the Notch mutant phenotype, heterozygous Ser 1 wings have a notched phenotype. The Ser 1/ þ wing phenotype is suppressed by the overexpression of dNdfip (Figure 6n and o). This suggests that dNdfip expression increases Notch activity, and this can occur independent of ligand activation.
In addition, dNdfip colocalizes with Notch in the wing imaginal disc (Figure 7a-f) and in S2 cells stably expressing Notch (data not shown) supporting the role of dNdfip in regulating Notch signaling. Staining of endogenous dNdfip revealed broad punctate expression across the wing disc with accumulation at the margins adjacent to Wg expression at the dorso-ventral boundary, particularly in the anterior compartment, and a lack of expression where Wg is expressed (Figure 7g-i  0 ) . This observation supports a role for dNdfip in refining the boundary of Notch-responsive cells.
Discussion
Our data suggest that dNdfip is a functional homolog of mammalian Ndfip1 and Ndfip2. dNdfip interacts and colocalizes with all three Drosophila Nedd4 family E3 ubiquitin ligases. Moreover, dNdfip enhanced the wing phenotypes of dNedd4 and Su(dx), and further downregulated Wg expression in wing discs, indicating a negative regulatory role for dNdfip in Notch signaling. The knockdown of dNdfip did not show any modification of the dNedd4 wing phenotype (data not shown). This may be due to several reasons, such as the strong phenotype of dNedd4 overexpression, incomplete knockdown of dNdfip or the involvement of dNedd4 in the regulation of other pathways.
It has been reported that Su(dx) and Notch interact directly through a PY motif in the Notch receptor. 10 This interaction is mediated by WW domain 4 of Su(dx), which lies in tandem with WW domain 3. Furthermore when unbound, WW domain 3 inhibits the interaction between Notch PY and WW domain 4 thus, if WW domain 3 is occupied by another factor, Su(dx) is better able to bind Notch. 26 As all three PY-like motifs in dNdfip must be mutated to disrupt binding to dNedd4, and as these motifs are known to bind WW domains, it is likely that dNdfip is capable of binding multiple WW domains in dNedd4 and Su(dx) and thus, may serve as a suitable candidate to overcome the inhibitory influence of WW domain 3 in binding Notch by Su(dx). Also, most mammalian isoforms of Notch lack a PY motif and, therefore, depend upon known adapters to mediate the interaction with E3s, such as Itch (Su(dx) ortholog). 27, 28 Recently, however, Itch-mediated turnover of Notch1 receptor in the absence of ligand has been shown to depend upon a bridging factor that is not Numb, nor Dx, nor the adapters b-arrestin 1 or 2. 28 It is possible that Ndfips serve in an adapter role in Notch regulation. dNdfip may facilitate E3 access to Notch, as it interacts with both dNedd4 and Su(dx) and colocalizes with Notch in wing discs and in S2 cells stably expressing Notch. 29 Indeed we have observed such a role for dNdfip in the promotion of ubiquitination of Malvolio, 30 the ortholog of the known Ndfip-regulated iron transporter DMT1 (our unpublished observations). 20 Another possible regulatory mode of action for dNdfip may include the direct activation of Nedd4 family E3s, as has been observed for Ndfip2 that promotes the auto-activation of several E3s, including Itch. 19 Furthermore, Ndfip2 promotes the ubiquitination of the PY-containing substrates c-Jun and JunB, as well as the non-PY-containing substrate Endophilin A1. 19 In this model, multiple PY-WW domain interactions overcome an autoinhibitory state mediated by the intramolecular binding of the catalytic HECT domain and the N-terminal regions of Itch and Nedd4. dNdfip also mediates multiple PY-WW domain interactions and thus, may function in a similar fashion. Indeed dNdfip promotes the ubiquitination of dNedd4 in SL2 cells, however, it also promotes ubiquitination of dNedd4 catalytic mutants and thus, the activation may be in trans from abundant endogenous dNedd4 (our unpublished observations). dNdfip colocalizes with Notch in endosomal-like puncta in the wing disc and in S2 cells stably expressing Notch. Expression of dNdfip in the Drosophila wing suppressed the wing notching phenotypes caused by the N 264À39 allele, whereas dNdfip knockdown resulted in an enhancement of the N 264À39 phenotype, suggestive of a positive role of dNdfip in Notch signaling. dNdfip expression also suppressed the loss-of-Notch-associated wing phenotypes conferred by the loss of dx or Ser suggesting that dNdfip can activate Notch in a ligand-independent manner. The expression of endogenous dNdfip in the wing, with low expression in the Wg-expressing dorso-ventral boundary and higher punctate expression immediately adjacent to this boundary suggests that dNdfip may have a regulatory role in refining Notch signaling to define the dorso-ventral boundary. This positive regulation of Notch signaling appears contradictory to the previously discussed negative regulation. However, these opposing phenotypes observed for dNdfip expression, in the presence and absence of Nedd4 family E3s, are consistent with a model of Notch trafficking established for Dx-promoted Notch activation and regulation. 5 Dx promotes Notch endocytosis in a HOPS-and AP-3-dependent manner. It promotes targeting of Notch to the limiting membranes of late endosomes and lysosomes. 8 Once at the lysosome, the extracellular domain of Notch is degraded within the lysosomal lumen, then the Notch intracellular domain can be cleaved by presenilin g-secretase, thereby activating Notch signaling in a non-canonical manner. 5 When dNedd4 or Su(dx) are present, Notch is ubiquitinated and is trafficked to the lysosomal lumen, wherein it is degraded and signaling does not occur. 5 We propose that dNdfip functions in a manner similar to Dx, in that alone it can promote Notch trafficking to the late endosome/lysosome and in the absence of E3, Notch remains at the limiting membrane, whereby it can be activated in a non-canonical manner. When E3s are present, dNdfip enhances the ability of the E3 to downregulate Notch signaling, promoting the E3-mediated ubiquitination and late endosomal trafficking of Notch cargo, wherein it is internalized and delivered to the lysosomal lumen for degradation. Unlike Dx, dNdfip greatly augments the ability of dNedd4 and Su(dx) to negatively regulate Notch signaling.
Although our data clearly suggest that dNdfip is a novel regulator of Notch signaling, the potent genetic interactions observed between dNdfip and both dNedd4 and Su(dx) are likely to be due to more than negative regulation of Notch signaling alone. The undulating wing discs and the resultant small wings point to perturbation of other signaling pathways. Indeed mammalian Ndfips have recently been shown to regulate members of the EGF pathway by promoting Nedd4 family E3-mediated ubiquitination of several pathway members, including PTEN, c-Cbl and Src family kinases. 31 Further studies await availability of specific dNdfip mutants, as all currently available transposon insertion lines also affect Keren, a gene that overlaps with dNdfip, sharing a common 5 0 -UTR and thus, complicating the analysis of the specific contribution of dNdfip to the phenotype.
Materials and Methods
Cloning and cell culture. The full-length clone of dNdfip (Genbank accession No. AAF49316) with and without an N-terminal HA-tag was cloned into pIE4 (Novagen) for cell culture expression and HA-dNdfip was cloned into pUAST 32 for generation of transgenic flies. A C-terminal GFP-tagged dNdfip clone was also generated in pIE4. Mutations of the PY motifs in pIE4-HA-dNdfip were generated by site-directed mutagenesis and corresponded to the following amino acid changes (PY1 ¼ Y27A; PY2 ¼ Y86A; PY3 ¼ P114V, P115V). Full length wild type and catalytically inactive versions of the E3 ubiquitin ligases, dNedd4 (DGC clone SD04682, Genbank accession No. AY061595), Su(dx) (DGC clone LD32282, Genbank accession number BT021390) and dSmurf (Genbank accession number BT021410), were cloned with an N-terminal Flag tag into pIE4. HA-tagged Ubiquitin was subcloned from pMT123 33 into pIE4 for ubiquitination experiments. Rab7 was cloned into pIB/V5-His (Invitrogen, Carlsbad, CA, USA) to generate a C-terminal V5 fusion construct for cell culture expression. Schneider L2 (SL2) cells were cultured and transiently transfected as described previously. 34 Fly stocks, genetics and analyses. Transgenic UAS-HA-dNdfip flies were generated by standard P-element-mediated germline transformation. Multiple lines of flies with independent transgene insertion were established. Other fly lines used include MS1096-GAL4; ptc-GAL4; UAS-Dcr; N 264À39 ; and Ser 1 from the Bloomington Drosophila Stock Center. UAS-dNedd4GS;
9 UAS-Su(dx);
35
UAS-dNdfipIR and UAS-deltexIR from Vienna Drosophila RNAi Center 36 . Flies were maintained and experiments performed at 25 1C.
Adult wing analysis was performed by dehydrating adult flies in xylene before mounting wings in Canada Balsam. Wings were photographed using a microscope with a 4Â UPlan Fl objective (BX51; Olympus, Tokyo, Japan) and a camera (DP70; Olympus) at room temperature. Images were captured with Olysia Bioreport software (Olympus) and compiled using Photoshop CS5 (Adobe, San Jose, CA, USA).
Antibody reagents. A glutathione-S transferase fusion protein (pGEX2TK vector, GE Healthcare Life Sciences, Little Chalfont, UK) containing residues 2-164 of dNdfip was purified and injected into rabbits by IMVS Veterinary Services Division (Adelaide, Australia). Anti-dNdfip was affinity purified and used at 1/100 for immunohistochemistry and 1/1000 for immunoblot. Other primary antibodies used were: anti-Notch extracellular domain (C458.2H ascites fluid; Developmental Studies Hybridoma Bank); anti-Notch intracellular domain (C17.9C6 ascites fluid; Developmental Studies Hybridoma Bank, Iowa City, IA, USA); anti-cut (2B10, Developmental Studies Hybridoma Bank); mouse anti-wingless (4D4, Developmental Studies Hybridoma Bank); mouse anti-Rab5 and anti-Rab11 (BD-Transduction Laboratories, San Diego, CA, USA); mouse anti-HA (12CA5, Roche, Indianapolis, IN, USA); mouse anti-Flag (M2, Sigma, St Louis, MO, USA); rabbit anti-V5 (Bethyl Laboratories, Inc., Montgomery, TX, USA). Secondary antibodies used were Alexa-FLUOR 488-or 568-conjugated antisera (Invitrogen) and anti-Mouse-AP (Millipore, Billerica, MA, USA).
Immunohistochemistry and microscopy. At room temperature, SL2 cells were fixed for 10 min with 4% paraformaldehyde in PBS, then permeabilized with 0.2% TritonX-100 in PBS for 2 min, then blocked in 3% FCS and 1% BSA for 30 min. Wing discs were fixed and stained as described previously. 10 For live cell imaging, Lysotracker Red (Invitrogen) was applied as per manufacturer's instructions, then cells were washed in PBS, mounted and immediately analyzed. Confocal images were captured using a BioRad Radiance 2100 confocal microscope (Bio-Rad Microscience, Hertfordshire, UK; at Detmold Imaging Core 
